Incubation of intact Salmonella typhi Ty21 a, Salmonella enterica serovar Typhimurium (Salmonella typhimurium) aroA or Escherichia coli DH5a with membrane vesicles (MVs) derived from either Shigella flexneri M90T or Pseudomonas aeruginosa dsp89 resulted in a significant incorporation of vesicle antigens into the outer membrane of the bacteria; each recipient strain possessed a surface mosaic of new Shigella and Pseudomonas antigens intermixed with the native antigens of the Salmonella or Escherichia strains. Electron microscopy of preparations during the integration of vesicle antigens revealed that the MVs rapidly fused with the outer membrane of the host strains. Western blot analysis of host bacteria confirmed the integration of foreign antigens. Quantitative analysis for binding and fusion of antigens using an ELISA showed that approximately 787 2 12.8 ng of the Pseudomonas and 67-5 2 13.8 ng of the Shigella LPSs (pg host protein)-' were integrated into the Sal. typhimurium strain. Similar integrations of the Shigella or Pseudomonas vesicles were found with the E. coli or Sal. typhi strains. There was no loss of viability in the recipient bacteria after incorporation of the MVs, although vesicle antigens became diluted during continued growth as daughter cells shared the vesicle antigens. The new antigens were highly stable after being incorporated into recipient strains, being able to withstand storage of several months a t 4 OC as well as several cycles of freezing and thawing. Since the recipient bacteria are common vaccine strains, the procedure described here offers a simple efficient means of introducing exogenous surface antigens, in their native form, into the outer membranes of Gram-negative bacteria for possible vaccine use.
Incubation of intact Salmonella typhi Ty21 a, Salmonella enterica serovar Typhimurium (Salmonella typhimurium) aroA or Escherichia coli DH5a with membrane vesicles (MVs) derived from either Shigella flexneri M90T or Pseudomonas aeruginosa dsp89 resulted in a significant incorporation of vesicle antigens into the outer membrane of the bacteria; each recipient strain possessed a surface mosaic of new Shigella and Pseudomonas antigens intermixed with the native antigens of the Salmonella or Escherichia strains. Electron microscopy of preparations during the integration of vesicle antigens revealed that the MVs rapidly fused with the outer membrane of the host strains. Western blot analysis of host bacteria confirmed the integration of foreign antigens. Quantitative analysis for binding and fusion of antigens using an ELISA showed that approximately 787 2 12.8 ng of the Pseudomonas and 67-5 2 13.8 ng of the Shigella LPSs (pg host protein)-' were integrated into
INTRODUCTION
The shedding of membrane vesicles (MVs) during the growth of a large number of Gram-negative bacteria is a common phenomenon (summarized by Kadurugamuwa & Beveridge, 1997; also see Chatterjee & Das, 1967; Devoe & Gilchrist, 1973 ; Kadurugamuwa & Beveridge, 1995; Kondo et al., 1993; Wai et al., 1995; Whitmire & and then riipidly annealed into it (Kadurug; amuwa & Beveridge, 1996) . This phenomenon could have important ramifications since the integration of a foreign MV from : i donor bacterium would introduce constituents from the donor directly into the recipient. Interestingly, DNA-contniniiig MVs from one strain of Neisseria gonorrhoeizr have the ability to transform other strains (Dorwiird et d., 1989) . If the MVs from a donor ha c te r i 11 m posses scd :I po te t i t pep t id o g I y ca n h y d r o 1 a se, such :is those from P. ~~eruginosa P A 0 1, it could result in the death of a recipient cell (Kadurugamuwa & Beveridge, 1996 ). Yet, if the donor MVs had poor lytic properties (such :is those from P. aeruginosa dps89 and Shigrlla flesrzeri M90T; J. L. Kdurugamiiwa & T. J. Beveridge, unpublished) , the host bacterium would not be lyseci and the donor components could become firmly i t i tegrn ted i 11 to the recipient.
I t i n a t 11 r n 1 en v i r 011 men t s coiitaiii i ng m i xed m i cr o b i a 1 co i i i 111 11 11 it 1 cs , t h is i 11 te r d i g i t ii t i o 11 of do r i o r co nip0 nen t s by MVs into foreign recipient cells throughout the bncterial population could provide a physical means o f corn i i i 11 11 ica t i on where by specific substances a re passed from one cell to another. In a more medically applied way, the phenomenon o f MV integration into other Gram-negative bacteria could be used in the formulation o f novel inexpensive vaccines. For example, the MVs fro m G r 1 1 i n -n eg a t i v e p ii t h og e t i s c o LI 1 d be i t i c o r p o r a t ed into thc surfaces of live attenurited vaccine strains such as those derived from Eschrrichia, Salmonella and Shigelln (Curtiss et nl., 1989; Lindberg, 1990; Sansonetti tk Arondel, 1989; Germanier tk Fiirer, 1975 Stocker, 1981) and Shigella flexneri M90T serotype 5 (Kadurugamuwa et al., 1991) were grown in Trypticase soy broth (TSB) with shaking on a n orbital shaker at 37 "C a s described previously by Kadurugatnuwa & Beveridge (199.5) .
Isolation of MVs.
MVs were isolated from exponentially growing cells of dps89 and M90T as outlined previously (Kadurugamuwa & Beveridge, 1995 . Briefly, cells froni 0.5 1 cultures grown in TSB were removed from suspension by centrifugation at 6000 g for 1.5 min. The supernatants were filtered sequentially through 0.4.5 and 0.22 pm pore-sized cellulose acetate membranes (MSI) to remove residual cells. MVs were removed from the resulting filtrates by centrifugation at 150000 g for 3 h at S "C and the vesicle pellet was washed and resuspended in PBS (pH 7.4).
Integration of MVs with bacterial cells. Exponentially grow-
ing cultures of Ty213, SL 3261 and DHSM in TSB were washed and diluted in PBS (pH 7.4) to produce a bacterial suspension of 1 x 10s c.f.11. nil I . These cells were mixed 4 : I with a suspension of MVs (each MV preparation contained 2.5-100 pg protein ml-I) from either strain dps89 or M90T, or a mixture from both (100 pg protein nil-' each), and incubated at 37 "C for 1.5 min. The unbound MVs were removed from the cells by centrifuging the cell-MV suspension at 6000 g for 1.5 min. This w3s followed by resuspending the pellet in PBS and sequential filtration through 0.45 and 0.22 pni pore-sized cellulose acetate membranes. Finally, 10 ml PBS was passed through the filters to wash the hybrid recipient cells and remove any remaining unbound MVs which had not integrated into the recipient strain. Hybrid cells were collected Transfer of antigens t o other bacteria from membrane filters by vortexing the filters in 10-15 ml PBS and centrifugation of the cell suspension at 6000g for 15 min. Samples were examined by transmission electron microscopy (TEM) to confirm complete removal of nonintegrated MVs from the cell suspension.
Assay for attachment of MVs to bacterial cells. A combination of methods was used to monitor all aspects of integration of MVs with the recipient bacteria.
(a) ELI%. Quantification of MV LPS antigens integrated with bacterial cells was achieved by performing ELISA (Crowther, 1995) . Briefly, 96-well polystyrene flat-bottom microtitre plates (Nunc; Fisher Scientific) were coated with purified LPS (5 pg m1-l; 100 pl per well) (Kadurugamuwa et al., 1991) from M90T, dps89 or SL 3261 as the solid-phase specific antigens. The optimal concentration of LPS and corresponding antibody titre were determined by checkerboard titration. The foreign LPS antigen concentration in hybrid strains was interpolated from a standard curve. Polyclonal antibodies to the purified LPS from Shig. flexneri M90T (1 : 200) and mAbs for P. aeruginosa dps89 B-band serotype 05 LPS (1 : 10) were diluted in PBS and the amount of antibody-specific antigen in hybrid strains was determined with alkaline-phosphataseconjugated goat anti-rabbit IgG (1 : 3000) and goat anti-mouse IgM (1 : 3000) (Cedarlane) with p-nitrophenyl phosphate (BioRad) as the substrate. Background non-specific activity was determined by testing the samples in uncoated wells lacking either the primary and/or secondary antibody ; the background absorbance was subtracted from the measured absorbance to provide the antigen-specific increase in absorbance. The results refer to the mean values obtained from samples of six hybrids constructed on separate days. Standard deviations represent variations between individual samples. Experiments were performed to test sensitivity, specificity, precision and accuracy of assay. The limits of detection were 0-2-2 pg m1-l. Intra-run (coefficient of variation = 3.3%) and inter-run (coefficient of variation = 15*5°/~) variations were calculated and were always comparable to those of similar assays. The assay's correlation coefficient ( r = 0.997149998) demonstrated a statistically significant correlation between the absorbance of the sample and the concentration of LPS antigen. Similar trends were found when Ty21a and DH5a were used as recipient strains.
(b) Western blotting. A 40 pg sample of protein was digested with proteinase K (10 pg mlk') and the sample separated by SDS-PAGE. This gel was transferred onto nitrocellulose and the integrated antigens in recipient strains were detected by incubation with either mAbs for dps89 B-band LPS (Kadurugamuwa et al., 1993) or polyclonal antibodies to the purified LPS from M90T (Kadurugamuwa et al., 1991) .
(c) lrnrnunogold labelling. The fusion of MVs from M90T and dps89 with SL 3261, DH5a or Ty2la was demonstrated by immunogold labelling of whole mounts and thin sections directly on Formvar-and carbon-coated nickel TEM grids using LPS-specific polyclonal antibodies to M90T or mAbs to dps89 LPS. The simultaneous detection of antigens from the MVs of the two separate pathogens in hybrid strains was carried out by a double immunogold staining method using different-sized gold particles. Whole mounts and thin sections were labelled using the same technique except that the thinsectioned specimens were first fixed. Briefly, these samples were enrobed in 2 % (w/v) molten Noble agar, fixed with a solution containing 0.1 '/o (v/v) glutaraldehyde and 2 % (v/v) formaldehyde in 50 m M HEPES (Sigma) buffer (pH 6.8) for 1 h at 4 "C. After this mild fixation, an LR White (Marivac) embedding regimen was performed (Kadurugamuwa & Beveridge, 199.5) . After the plastic had hardened, thin sections were cut and incubated in 0.01 M PBS (pH 7.2) containing 1 '/o (w/v) BSA and 0.1 '
' 0
(v/v) Tween 20 (PBS-BSA-T) for 5 min followed by another 5 min incubation in PBS containing 0.02 M glycine. Next, the sections were incubated for 10 min in PBS containing 2 % (w/v) skimmed milk at room temperature. Grids were then incubated with LPS-specific polyclonal antibodies to M90T (1/100) or mAbs to dps89 LPS (1/10) in PBS-BSA-T for 1 h at room temperature. Afterwards, the grids were rinsed in PBS-BSA and incubated in a colloidal gold mixture containing particles conjugated to protein A (5 nm in diameter; protein A-gold) and particles conjugated to anti-mouse IgM (15 nm in diameter; IgM-gold) (EY Laboratories). Both commercial products were diluted 1 : 100 in PBS-BSA-T and the grids were incubated for 1 h. The grids were washed in PBS-BSA for 5 min at room temperature, stained with uranyl acetate and lead citrate to contrast the specimen for TEM, and examined with a Philips EM300 microscope operating under standard conditions with the liquid nitrogen cold trap in place. Appropriate positive and negative controls were incorporated into all labelling experiments.
SDS-PAGE.
OMPs were prepared from bacterial cell pellets by breaking them with five 60 s pulses of sonication in an ice bath separated by 30 s intervals for cooling. Unbroken cells were removed by centrifugation at 6000 g for 10 min. Sarkosyl (Nlauroylsarcosine, sodium salt; Sigma) was added to the lysate to a final concentration of 2% (w/v) and the mixture was incubated for 30 min at room temperature to dissolve plasma membrane fragments. Then the mixture was centrifuged at 38000g for 1 h, and the membrane pellet was washed twice with distilled water, resuspended in a small volume of distilled water, and stored at -20 "C. MVs, OMPs and whole cells were boiled for 10 min in sample buffer (containing 60 mM Tris, pH 6.8; l o % , v/v, glycerol; 2 % , w/v, SDS; 0*05%, w/v, bromophenol blue; and 1 pl 2 % , v/v, B-mercaptoethanol) and resolved in a 13% (w/v) polyacrylamide gel stained with Coomassie brilliant blue (Kadurugamuwa & Beveridge, 1995) .
Viability of MV-treated strains. Viability was determined by plate count on Trypticase soy agar (TSA) and by monitoring the increase in OD,,, during growth in TSB after MVs from dps89 and M90T had been incorporated into SL3261, Ty2la and DH5a as compared to untreated control cultures.
RESULTS

TEM and SDS-PAGE analyses of MVs
By electron microscopy of thin sections, isolated a n d purified MVs f r o m Shzg. flexnerz M90T a n d P. aeruginosa dps89 were s h o w n t o be bilayered spherical vesicles approximately 80 n m in diameter as s h o w n previously (Kadurugamuwa & Beveridge, 1995 .
The protein profiles of whole cell lysates, O M P s (extracted from whole cells) a n d M V s f r o m M 9 0 T a n d dps89 were compared by SDS-PAGE (Fig. l a ) . T h e banding patterns of M90T M V s were similar, but n o t identical, t o the corresponding O M P s from whole cells; major -35 a n d 37 k D a bands were prominent with trace a m o u n t s of t w o additional proteins of -70 a n d 97 k D a (Kadurugamuwa & Beveridge, 1998) . T h e prominently stained MV bands f r o m dps89 included -45 a n d 55 kDa proteins, which were also prominent in the OMP fraction. ) Western blots to demonstrate and identify the MV antigens that were integrated into SL 3261. The LPS that was fractionated by SDS-PAGE was transferred onto nitrocellulose and reacted with mAbs specific for dps89 LPS (c) and against antibodies specific to the LPS of M90T (d). Neither of the antibodies reacted against the LPS of SL 3261. M90T-specific antibodies did not cross-react with dps89 nor did dps89-specific antibodies cross-react with M90T LPS. WC denotes whole cells.
band seen in the dps89 O M P sample was barely detected in dps89 MVs. T h e major OMPs in the Salmonella strain appeared to be in the -38-42 kDa region.
SDS-PAGE banding pattern and immunoreactivities of integrated LPS
LPS slimples were separated by SDS-PAGE and silverstained to characterize carbohydrate moieties and their banding patterns. T h e banding patterns of LPS from dps89 and M90T MVs and from whole cells of SL 3261 are shown in Fig. I(b) . Both types of MVs showed characteristic LPS ladder-like bands and core regions with relative mobilities similar to those seen in whole cells (Kadurugamuwa & Beveridge, 1995 ; Sansonetti & Arondel, 1989) . T h e banding pattern of LPS in SL 3261 following fusion and integration of both types of MVs altered its typical banding pattern. T h e distinct separation between the SL 3261 bands was no longer present since those of dps89 and M90T MVs were intermixed between them ; i.e. the co-expression of LPSs from the MVs with SL 3261 LPS in the recipient's outer membrane. To identify M90T and dps89 LPS antigens from the surface of SL 3261, electrophoretic blots of LPS from the SDS-PAGE gel described in Fig. l ( b ) were reacted with either dps89-specific or M9OT-specific LPS antisera (Fig. lc, d ) . T h e banding pattern and immunoreactivities of the integrated dps89 LPS (into SL 3261)
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. ~~ were subtly different to those seen from dps89 whole cells o r MVs alone (Fig. l c ) . T h e high-molecular-mass portion of the ladder-like banding pattern in immunoblots reacted most strongly with dps89-specific antibodies. A difference was also detected with integrated M90T LPS, but here the middle to upper portion reacted with M9OT-specific antibodies (Fig. I d ) . This suggested an integration and fusion of LPS from MVs into the outer membrane of SL 3261 (Fig. lc, d ) . M 9 0 T or dps89 anti-LPS antibodies did not react with control SL 3261 cells which were not treated with MVs (Fig. lc, d ). M9OT-specific antibodies did not cross-react with dps89 antigens nor dps89-specific antibodies with M90T antigens (Fig. lc, d ). T h e LPSs of M90T or dps89 MVs reacted similarly with type-specific antibodies after integration into either of the DH5a or T y 2 l a strains (data not shown).
Fusion and integration of M V antigens into recipient bacteria
T h e firm integration of M90T and dps89 M V LPS antigens into SL 3261, Ty21a or DHSa was confirmed using anti-LPS antibodies and T E M . Immunogold labelling of MV-treated bacteria with LPS-specific antibodies illustrated a good topographic distribution of attached M V antigens on the host cell surface by both whole mount (Fig. 2b, c) and thin-sectioning (Fig. 2d-f (Fig. 2b) . By implication, M V integration into (recipient) outer membrane must occur but the actual fusion point was difficult to capture by T E M . Presumably, fusion was so rapid after initial attachment that it was rarely seen ( Fig. 2c; Zimmerberg et al., 1993) . Thin sectioning is a more definitive method of discerning the fusion event, but only a -600-nmthick slice of a bacterium is seen at a time and this low sampling level makes the likelihood of capturing fusion even rarer. In Fig. 2(d-f) , possible fusion sites are shown. Double labelling using different-sized gold particles for each M V LPS proved that both dps89 and M90T were together integrated with the outer membrane of the recipient cells when both types of donor MVs were used at the same time (Fig. 2e, f) . Fig. 3 demonstrates the integration of dps89 MVs with DHSa, and similar results were also seen with Ty2la as the recipient. Both of these recipient strains could also integrate the two M V types a t the same time. Although we have imniunogold-labelled only distinct LPS in all T E M preparations, it is presumed that other M V constituents (i.e. OMPs) are also integrated as was suggested by the previous SDS-PAGE results (Fig. l a ) . T h e integration of MVs into the surface of other Gram-negative bacteria and with human gut epithelial cells has also been demonstrated in previous studies (Kadurugamuwa & Beveridge, 1996 .
After the MVs had been integrated into recipient cells, the bacteria resumed growth after a brief lag period (15-20 min) when they were resuspended in TSB (see subsequent ' cell viability ' section for more details).
Immunogold T E M of these hybrid cells showed that, as If there was no growth, the foreign antigens remained firmly embedded in the surfaces of all recipient strains. They could still be labelled by the Western and T E M techniques after vigorous shaking, several months of storage in a refrigerator at 4 " C , or after several cycles of freezing and thawing the treated cells. In fact, the MVs on their own (without integration) were also stable in suspension. T E M of negative stains of these MVs showed that they maintained the same vesicle diameter during storage or after the freeze/thaw cycling ; presumably this must be the most thermodynamically stable form of the vesicles (Lauffer, 1989; Lakshminarayanaiah, 1984) .
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Quantification of foreign antigens in recipient cells
To determine the amount of foreign antigens that was incorporated into recipient cells following our fusion protocol, we estimated the serotype-specific LPS antigens in the hybrid bacteria by ELISA. M V antigen incorporation appeared to be concentration-dependent (Table 1) ; as the concentration of either dps89 o r M 9 0 T MVs was increased from 25 to 100 pg protein ml-l, the incorporation of antigen into SL 3261 dramatically increased. Incubation of SL 3261 with either type of MVs a t concentrations above 100 pg ml-' did not cause any further significant increase in antigen incorporation, suggesting that there is a saturation point for the amount of this foreign matter that a cell can complex into its outer membrane. This is further illustrated when both dps89 and M90T MVs were added (each a t 100 pg ml-') simultaneously (Table 1) . In this case, the total amount rable 1. (Table 1) . This trend was also true when DH5a or Ty2la was used as recipient cells. This presumably reflects a subtle difference in the fusion compatibility of each type of MV with the outer membrane of the recipient cell. After fusion, the components of each MV would eventually mix with the pre-existing outer-membrane constituents of the recipient cell and diffuse (laterally) around the bacterium (Mouritsen & Bloom, 1993) . Although the MV components are also derived from a (foreign) outer membrane and are therefore analogous to that of the recipient, their different chemical composition could affect membrane fluidity, permeability and other characteristics. It is quite possible that only a certain amount of foreign matter would be tolerated by the recipient and the degree of foreignness would be a reflection of the chemical composition of the donor MV.
Cell viability
To determine whether the fusion protocol had a deleterious effect on recipient cells, we monitored their viability following incubation with MVs. Results indicated that fusion of foreign antigens derived from either dps89 or M90T had no detectable effects on cell viability. More than 90% of the cells remained viable as determined by colony counts on TSA plates after incubation with either dps89 or M90T MVs, or with both types together. Control cells treated in an identical manner (but without MVs) showed similar viability differences, indicating that the small percentage in viability loss was most likely due to the various experimental protocols that the cells were subjected to during sample preparation. When cells were grown in broth (TSB), control and MV-treated cells of SL 3261, Ty2la and DH5a had similar lag times and growth phases. As mentioned before, the integrated MVs became 'diluted' as the cells grew and divided.
DISCUSSION
The release of MVs from Gram-negative bacteria is a natural phenomenon which is seen in both laboratorygrown bacteria and natural populations of microorganisms (Beveridge et al., 1997) . It is difficult to imagine that such a wide-range, common shedding of vesicles would be purposeless. MVs are expensive in cellular material (that could be recycled), encompass periplasmic substance in a protective membranous bilayer, have enzymic activity, and possess potentially strong antigens (Kadurugamuwa & Beveridge, 1997) . These attributes argue strongly for one (or more) common function for these natural particles of cellular substance. We have suggested that at least one function could be for the delivery of cellular materials; MVs could be considered to be an alternative secretion pathway (Kadurugamuwa & Beveridge, 1995) in which secretion substances are protected from exogenous factors (such as hydrolases) by the membrane bilayer. One could envision MVs as small delivery vehicles sent from one cell to another in order to physically convey materials from donor to recipient, especially since the surface of the MV should be readily compatible with other membrane surfaces.
For this delivery concept to be correct, it is important to provide convincing evidence that donor MVs are actually integrated into the recipient's surface. In this way, as MVs fuse into the cell's outer membrane, the lumenal contents of the MVs would be forced into the recipient's periplasm and a hybrid membrane (consisting of donor MV membrane and recipient outer membrane) would be formed (see Kadurugamuwa & Beveridge, 1996 , for postulated details). Previous experimentation from our laboratory has provided preliminary evidence suggesting that the delivery concept is correct since MVs containing a potent peptidoglycan hydrolase can lyse Gramnegative bacteria (Kadurugamuwa & Beveridge, 1996) but, since they also lyse Gram-positive cells, this evidence is not definitive. Also, MVs which have been manipulated so that they contain gentamicin (g-MVs) were able to convey the antibiotic to a mammalian cell line which had been intracellularly infected with Shig. flexneri, and eventually killed this invasive pathogen (Kadurugamuwa & Beveridge, 1998) , which indirectly suggests a delivery function for MVs. In this current report, we provide definitive evidence showing the integration of surface antigens from two donor MVs into the outer membrane of three separate Gramnegative species as recipient cells. This argues strongly that MVs have the potential to deliver donor materials into recipient cells. Together with our mounting evidence that the shedding of MVs from Gram-negative bacteria is a common occurrence which spans many such eubacteria, it is probable that this is an important common route of physical communication between bacteria. T h e substances which are conveyed could be deleterious to the recipient (Kadurugamuwa & Beveridge, 1996; Li et a/., 1998 ), advantageous (Dorward et al., 1989 or possibly actual signal substances (e.g. agents similar to pheromones). I t is our hope that our present r es u 1 t s w i 11 s t i mu 1 ate r esea r c h to better i 11 u minate the substances which MVs deliver.
T h e exact mechanism by which an M V is produced and the mechanism by which an MV fuses into a recipient cell has been difficult to study because this is a nanosc ri le p r ocess occ ii r r i ng with i n co m p I i ca t ed su r f aces of minute cells. Yet, some assumptions can be made from the available data. Since LPS remains on the outer face of an MV ( i x . an M V is 'right-side-out'; Kadurugamuwa & Beveridge, 1995) and since MVs have 21 full complement of OMPs, n o drastic rearrangement of outer-membrane constituents can be taking place during M V formation. Once the M V has formed and escaped from the donor bacterium, it must bc in its low-energy structural form and would bc energetically stable (Lauffer, 1989; Lakshmitiarayanaiah, 1984) . This is why MVs withstand long storage under refrigeration. It is also why they can be subjected to repeated freezing and thawing (Kadurugamuwa & Beveridge, 1997) ; even if they are punctiired by small ice crystals during freezing they are thermodynamically forced back into their low-energy intact vesicle form on thawing, ensuring that their contents dre still enclosed and protected. When MVs are mixed with a recipient strain of a bacterium, a proportion of the MVs would continuously impact with the recipient's outer surface, thereby affecting the energy load of the vesicle. This would be especially true because the recipient's surface is a bilayered membrane complete with an analogous LPS on its outer face. T h e divalent metal distribution between M V and outer membrane could rapidly change and the innate lipid fluidity of the two bilayers should cause fusion (Kadurugamuwa & Beveridge, 1996) . Indeed, as this present report shows, there is a rapid and high degree o f M V fusion into the foreign recipient membrane. O n e obvious medical application of antigen transfer by MVs would be as a vaccine delivery system for mucosal 2058 Levine et al., 1989; Roberts et al., 1994; Stocker, 1990 Mahan et al., 1992; Maskell et al., 1987; Roberts et al., 1994; Su et al., 1992) . However, the use of genetic procedures to transfer foreign genes into attenuated strains has several disadvantages. For example, there is the necessity of developing constitutive expression systems, the possibility of the unwanted environmental release of recombinant bacteria, the unexpected expression of antibiotic resistance following strain construction, the eventual reversion to virulence over time, the poor surface expression of improperly folded inactive forms of antigens for recognition by the immune system, and the instability of the cloned genes (Charles & Dougan, 1990; Cornelis et a/., 1996; Fuchs et af., 1991; Georgiou et al., 1996; Hofnung, 1991 ; Laukkanen et al., 1993) . Although it has been attempted to make transformants more stable by introducing the cloned genes into the chromosome of the carrier strain, the level of expression of foreign antigens seems to be lower than that when expressed by a plasmid. In our present report, we have taken a novel, yet simple, approach to alleviate these problems and it does not require a genetic manipulation. T h e natural ability of MVs from one bacterium to adhere and fuse with another was employed to transfer surface antigens of pathogenic bacteria into the surface of attenuated vaccine strains.
In fact, our protocol should allow any macromolecule that is expressed on a Gram-negative bacterial surface, or in its periplasm, to be captured and delivered by an MV. Such macromolecules could include OMPs, pilin, smaller peptides, LPS, phospholipids o r enzymes (Kadurugamuwa & Beveridge, 1995 . Since MVs are commonly produced by many Gram-negative bacteria, it should be possible to produce a full spectrum of antigens from a number of different pathogens (including up-to-date serotypes or antigenic variants) by fusion of MVs to produce a heterologous multivalentantigen carrier strain. However, since the integrated antigens are not produced as an integral part of the carrier strain by its own genetic machinery, normal cell growth and outer-membrane turnover would eventually dilute out our M V expression system (as seen in our growth studies in this report 
